The analytical theory of turbulence suppression by shear flow [Y. Z. Zhang and S. M. Mahajan, Phys. Fluids B 4, 1385 (1992 ] is extended to analyze the combined actions of flows that have time-varying as well as static components. It is found that each component, appearing alone, may yield the same suppression level. However, when both components co-exist, either tends to diminish the suppression caused by the other in certain parameter ranges-a conclusion that agrees with recently published simulation results by Maeyama et al. [Phys. Plasmas 17, 062305 (2010)]. In particular, the mutual exclusiveness is maximized as the strengths of the two components become comparable. The adopted averaging method of the asymptotic theory reveals that it is the coupling between the time-varying shear flow and the induced time-varying relative orbit motion that causes the asymmetry of the two components in turbulence suppression. The numerical results based on a Floquet analysis are also presented for comparison. The implications of the theory to L-H transition on tokamaks are discussed, especially, regarding experimental observations of the disappearance of the geodesic acoustic mode in H phases. 1 Two different types of zonal flows, each possessing the shear flow structure required for turbulence suppression, are observed: (1) the zero mean frequency zonal flow (ZMF), typically in the frequency range of 0-10 kHz and (2) the geodesic acoustic mode (GAM) typically in the frequency range >10 kHz. The theories of turbulence suppression in early days were worked out for static shear flows only.
] is extended to analyze the combined actions of flows that have time-varying as well as static components. It is found that each component, appearing alone, may yield the same suppression level. However, when both components co-exist, either tends to diminish the suppression caused by the other in certain parameter ranges-a conclusion that agrees with recently published simulation results by Maeyama et al. [Phys. Plasmas 17, 062305 (2010)]. In particular, the mutual exclusiveness is maximized as the strengths of the two components become comparable. The adopted averaging method of the asymptotic theory reveals that it is the coupling between the time-varying shear flow and the induced time-varying relative orbit motion that causes the asymmetry of the two components in turbulence suppression. The numerical results based on a Floquet analysis are also presented for comparison. The implications of the theory to L-H transition on tokamaks are discussed, especially, regarding experimental observations of the disappearance of the geodesic acoustic mode in H phases. Zonal flows have been investigated in great detail by the magnetic fusion community because of their possible role in the suppression of drift wave turbulence believed to induce anomalous transport in tokamaks. 1 Two different types of zonal flows, each possessing the shear flow structure required for turbulence suppression, are observed: (1) the zero mean frequency zonal flow (ZMF), typically in the frequency range of 0-10 kHz and (2) the geodesic acoustic mode (GAM) typically in the frequency range >10 kHz. The theories of turbulence suppression in early days were worked out for static shear flows only. [2] [3] [4] After the discovery of the zonal flow, the theories were extended to time-varying flows limited, however, to a single frequency and without a co-existing static component. 5 Finding an answer to the interesting question of how turbulent transport will be affected if the two types of shear flows were to appear simultaneously is the main thrust of this paper. In the static category, we include not only purely static shear flows but also approximate ZMFs if their time scales are well separated from the GAMs. One could imagine, for instance, that the combined effect would always be enhanced suppression. The answer, however, turns out to be not so simple. In the published literature (numerical simulation 6 and analytical theory 7 ), it is found that as regards the turbulence suppression, the two different types of shear flows are often in conflict over a wide parameter range. In particular, the combined suppression is minimized if the strengths of the two shear flows are comparable. The present brief article draws heavily from Ref. 7 ; detailed numerical solutions, based on a Floquet analysis of two-point orbit correlation theory, are presented, and the relevance of the theoretical results to experimental observations in L-H transition is discussed.
The two-point orbit correlation theory used for static shear flow in Refs. 2-4 can also be applied to time varying shear flow as long as the time variation is much slower than the drift wave frequency. All the definitions in the basic equation set (Eq. (2) 
are the same as in the corresponding ones in Ref. 4 with the only exception that r r þ e r ! r þ e r j j cos xt; x << x DriftWave (2) has an oscillatory part.
In the preceding equations, 
is the ensemble averaged of the square of the perpendicular wave number.
Splitting the orbit correlation into its static and oscillatory parts,
and time averaging over Eq. (1) yields
In order to derive these equations, we have adopted the wellknown Bogoliubov-Mitropolsky asymptotic averaging method 8 (with higher harmonics neglected). In this way, we retain only the linear response of the oscillatory orbit correlation to e r, which, in turn, can be solved to calculate the quadratic coupling to e r. It is this coupling that makes the contribution from the oscillatory component not in unison with that from the static one. After straightforward algebra (solve the oscillatory orbit correlation as expressed in terms of e r and substitute them back to the averaged equations), one obtains the following set of equations (the subscript s of orbit correlation has been omitted):
where
The characteristic equation of Eq. (6) can be cast into the following form:
0
. Nontrivial solutions for the orbit correlations follow if Eq. (7) admits positive P solutions. The subscript 0 is adopted for indicating quantities that will pertain in the absence of a shear flow. Following the time scale renormalization (introduced earlier and explained below in detail), we have made the replacements,
) will be inappropriate for representing a "measure" of shear flow suppression. To properly account for the effective de-correlation time pertaining to a system with shear flow, we have chosen the representative diffusion coefficient
where D Ã stands for the part of diffusion independent of turbulence level w Studies of a few limiting cases of Eq. (7) yield the following quick results:
(1) When we have only pure oscillatory shear flow (W ¼ 0), turbulence is found to be suppressed (P À1 < 1 implies suppression),
(2) In large x ()1) limit, the "suppression" due to timevarying shear flow alone is given by
indicating that the higher the oscillatory frequency, the weaker the effect towards suppression. In the limit x going to infinity, P goes to unity (no suppression). This result is qualitatively consistent with previous studies. 5, 6 (3) In the large static shear limit (W ) 1), we find
showing that the time-varying flow (contained in D 3 ) tends to diminish the static shear flow suppression.
The analytical characteristic equation, Eq. For lower frequency range, one must employ numerical methods to solve the basic equation set depicted in Eq. (1); it can be put into the standard form,
with r ¼ r þ e r j j cos xt. The three components of vector q t ð Þ stand for the orbit correlation
, and X À s ð ÞY À s ð Þ , respectively. In the Floquet theory of differential equation with periodic coefficients, the general solution is expressible in terms of a periodic function multiplied with an exponential factor, wherein the constant coefficient is usually referred to be the Floquet index. It is the real positive Floquet index (corresponding to the real positive root of characteristic equation with constant coefficient) that describes the interesting time scale in which the turbulent fluid elements fall apart. Numerically, one needs to solve the eigen-values (q 1 ; q 2 ; q 3 ) of the monodromy operator Q T ð Þ (the matrix composed of three independent solutions of vector q t ð Þ) with T 2p=x. 9 The following identity
is used as a validity check of numerical program. It is a consequence of the fact that the matrix A t ð Þ is traceless. Each eigen-value (the exponential factor of the general solution) corresponds to one Floquet index. Let us choose q 1 corresponding to real positive Floquet index P (the other two roots q 2 and q 3 correspond to the Floquet indices of complex conjugate with negative real part). Because of time scale renormalization (see Eq. (8)), the coefficient of equation is really the function of the solution (through the Floquet index corresponding to q 1 ). This nonlinear problem is solved using a shooting code.
The phenomena of mutual exclusiveness of turbulence suppression between the static and time-varying shear flow can be well exhibited in the 3D Fig. 1 On the other hand, for lower W, for example W < 1, no peak appears. There might exist corresponding counterparts in the simulation; however, results in this range are not displayed in Ref. 6 . It is also interesting to see, as illustrated in Fig. 3 , the low frequency condensation of the peak position in e W=W to 1 when the frequency of oscillatory shear flow approaches zero for various parameters. In other words, the minimal turbulence suppression does not, always, occur when the two components are equal; minimum suppression value is parameter dependent unless the frequency of oscillatory shear flow is sufficiently low.
We conclude this brief article with a few remarks on experimental observations regarding L-H transition on tokamaks. In recent years, it is reported that the GAMs may be playing a deactivating role in the L-H transition occurring in ASDEX-U, DIII-D, and EAST. [10] [11] [12] The GAM excited in L phase seems to get totally quenched in the H-phase. For example, on EAST, GAM observed in L mode at a frequency 12-15 kHz disappeared completely after transition to H mode. At the same time, the power in low frequency part of
